ABSTRACT
INTRODUCTION
The oscillatory nature of Infantile Nystagmus Syndrome (INS) 1 has prompted researchers to utilize advanced mathematical tools such as spectral analysis and wavelet analysis for the purpose of understanding the etiology of this disorder. INS is not a stationary process. The waveforms of INS may become worse with gaze position, stress or visual demand [2] [3] [4] [5] .
Conversely, loss of attention to an object being viewed may lead to the nystagmus . These criteria have been incorporated into the "expanded nystagmus acuity function" (NAFX) 9, 20, 21 , which may be used to predict the best potential visual acuity possible for a given waveform in the absence of a visuosensory abnormality.
Ideally, one would like to be able to analyze nystagmus waveforms using a technique that could provide a global representation of the waveform in the way that a Fourier spectrum does, but which also can localize in time specific features of the waveform such as the foveation periods. One attractive candidate for this is the wavelet transform. Unlike STFT, wavelet analysis uses a suite of scaled basis functions derived from a "mother wavelet." The signal being analyzed is represented by coefficients, roughly analogous to the amplitude spectrum derived via Fourier analysis. However, these coefficients are not constants but instead vary continuously across time. They represent the relative weighting at each instant of wavelets with scales varying from the rapidly to the slowly changing, again analogous to how conventional spectral analysis displays the frequency components of a signal. The key difference, however, is that the wavelet coefficients, being functions of time, allow the user to 23 and to identify the time of muscle contraction in surface electromyograms (EMG) 24 , among other physiological applications. It has also been used to identify seizure activity and other features of the electroencephalogram (EEG) 25, 26 .
As noted previously, in INS the functional part of the waveform (i.e., the foveation periods 27, 28 ) is small compared to the non-functional parts outside of the foveation window.
While wavelet analysis is well-suited to identifying time-varying changes in a waveform, it is not at all clear that when applied to an INS eye movement recording that it would offer any advantages over the more direct application of velocity and position criteria for foveation, which have been used for many years. INS has been examined using this approach only once before, by Miura et al. 29, 30 . However, they averaged the wavelet coefficients obtained over the entire several minute duration of the recordings. While wavelet analysis may be useful to identify some time-associated changes in nystagmus, it is not obvious how such a "global" parameter calculation can be used to detect the foveation parts of the waveforms.
The purpose of this study was to investigate if wavelet analysis, used appropriately, can detect the foveation periods (the only functionally important part of the waveform contributing to visual acuity), foveation changes in INS resulting from tenotomy, morphology of different INS waveforms (pendular, jerk, pendular with foveating saccade (Pfs), pseudo pendular with foveating saccades (PPfs) and dual jerk (DJ)), waveform time variation, and inattention. We thus examined the wavelet coefficient amplitudes and contour plots across each record.
The issue of the most sensitive analysis method for INS waveforms is important for the development of objective methods for evaluating the success of therapeutic procedures on INS patients. The four-muscle tenotomy procedure was based on the secondary null broadening effects of the Kestenbaum procedure 31-33 discovered in 1979 [34] [35] [36] . This surgery for nystagmus consists of detaching the muscle at the insertion end of the tendon and reattaching it at the same place with absorbable sutures. Tenotomy effectively decreases the gain of the
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ocular motor plant to small, non-saccadic signals 37 and elevates foveation quality. It was shown to be efficacious for INS, acquired nystagmus (pendular and jerk, horizontal and vertical) and reduce associated oscillopsia 4, 10, 20, 21, [38] [39] [40] [41] . Since the tenotomy procedure improves the foveation periods, not necessarily the intensity of the nystagmus, it is crucial to examine only the foveation periods for the surgical effects, rather than the nystagmus intensity or the spectral average holistically calculated.
In this study we examined the following: (1) concatenated short records (5-10 sec of data) with steady fixation; (2) pre-and post-tenotomy fixation data; (3) long fixation records of several minutes of asymmetric (a)periodic alternating nystagmus (APAN); (4) inattention and dual jerk data containing several frequency components.
METHODS

Recording
Infrared reflection and high-speed digital video were used for the eye-movement recording. 
Protocol
This study was approved by the local institutional review board. Written consent was obtained from subjects before the testing. All test procedures were carefully explained to the subject before the experiment began, and were reinforced with verbal commands during the trials. Subjects were seated in a chair with headrest and a chin stabilizer, far enough (>5 feet) from the red reflected laser target to prevent convergence effects. At this distance the reflected laser target subtended less than 0.1° of visual angle. The room light remained blacked out throughout the recordings. An experiment consisted of from eight to ten trials, each lasting under two minutes with time allowed between trials for the subject to rest. Trials were kept this short to guard against boredom because IN intensity is known to decrease with inattention. Subjects were instructed to look at the target with their head in primary position.
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Analysis
A wavelet is a mathematical function that divides a given function into different frequency components to study each component with a resolution that matches its scale. Unlike Fourier analysis, in which signals are analyzed using sine and cosine waves, a wavelet transform is the representation of a function by basis functions which are scaled and translated copies (the "daughter wavelets") of a finite-length or fast-decaying oscillating waveform (the "mother wavelet"). Wavelet transforms have advantages over Fourier transforms for representing functions that are non-stationary, especially those that have discontinuities and sharp peaks. We used the Matlab (The MathWorks, Natick, MA) wavelet toolbox for the analysis. We chose the Haar harmonics in continuous wavelet analysis, and power-2 mode or step-by-step mode. The maximum number of the steps varied, as will be specified in the Results section. The Haar wavelet is the oldest and simplest wavelet in use 42 . It is computationally efficient and, after empirical testing, was better than alternative wavelets at generating coefficients which at some scales resembled familiar functions such as eye velocity. Use of the power of 2 mode offered computational advantages over the step-by-step mode which were analogous to those the fast Fourier transform offers over the continuous Fourier transform. The use of a power of 6 was determined empirically, when adding additional levels yielded coefficients containing mostly noise. We have also included several of the computationally more intensive step-by-step examples (Figs. 6, 9 & 10) to show the nature of the more continuous contour plots. However, a given coefficient line for the same data is the same when computed using either approach.
.
As pointed out in Introduction, steady fixation for long periods of time is difficult to obtain in INS patients; even in normal subjects, boredom and blinking frequently occur. We used shorter periods of good fixation (<10 sec) and concatenated them to produce long data records (~8 minutes) of "good fixation". We also included in the analysis long, unconcatenated records containing periods of fixating-eye switches, failure to maintain fixation, and inattention. These records were analyzed to determine if wavelets could detect the differences between the records of good fixation and those containing interruptions of good fixation that decrease visual acuity.
The eXpanded Nystagmus Acuity Function (NAFX) 9 was used to demonstrate the difference in a pre-surgical and a post-surgical fixation segment from one patient. The NAFX is an objective measure of waveform foveation quality; it predicts the potential visual acuity for nystagmus patients assuming no sensory deficits. It is a direct measurement of the eye-movement effects of nystagmus therapies. It could be applied to any nystagmus waveform whose position and velocity variability lies within the maximum foveation window of ±6° and ±10°/s. All the NAFX analysis was done in MATLAB environment using OMLAB software (OMtools, downloadable from http://www.omlab.org). Details of how to properly perform NAFX analysis can be found on http://www.omlab.org/OMLAB_page/Teaching/Using_NAFX.html.
RESULTS
(1) Wavelet analysis of the foveation characteristics of INS waveforms
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The upper trace in the panel is the waveform (a zoomed-in section of the 8-minute concatenated data); the middle contours are color-coded plots of the absolute values of the wavelet coefficients generated using the Haar wavelet (power 2 mode, power level 6). The yaxis roughly corresponds to inverse of frequency, i.e., the small numbers (scales) represent the equivalent of high frequencies. Unless otherwise stated, we used power level 6 in power 2 mode. Power 6 was chosen because higher levels did not show much additional information in these particular cases. Absolute value mode for the contour plot was used because it made the foveation periods in the contour plot more evident. The bottom trace is the wavelet output at a certain selected coefficient (designated by the position of the horizontal cursor crossing the contour plot) without taking the absolute value.
In Figure 1 , the foveation after the saccade in each cycle corresponds to a darker, low-energy area (shown in the solid white ellipse), followed by a lighter area corresponding to the slow Comparing Figures 1 and 2 , by identifying the darker areas after the foveating saccade, the foveation quality can be visualized. Both the contour plot and the coefficient line can contribute to this identification. As the waveforms get more complicated, however, the identification process may be less obvious. In Figure 3 , we show an example of a PPfs waveform. In this case there are two saccades per cycle. The solid white ellipse shows the real foveation period in the contour plot. It is followed by the dashed white ellipse (the slow- Figure 6 shows a subject with APAN. We chose the step-by-step mode with a maximum number of 512 steps in this example. The bottom trace demonstrates the high-frequency pendular component that is sampled with a low wavelet coefficient (the cursor on the contour plot was set near the bottom and therefore difficult to see). The pendular component was always present in the waveform despite direction changes and can be seen most prominently in the coefficient contour plot at the low scales (e.g., at the cursor position), which correspond to higher frequencies. The fast-phase direction change also shows well: the black ellipse identifies the left-beating components, dashed black ellipse, right-beating. In the contour plot, the saccades in the dual jerk waveform at the beginning and end of the segment were characterized by spiky patterns, while the middle transitional pendular part showed a more homogeneous pattern. A blink at about t = 1750 seconds is prominent throughout the plot, reflecting the wavelet transform's ability to temporally localize transient events.
(3) Wavelet analysis of the morphological characteristics of INS waveforms
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In the inattention data piece in Figure 7 , the saccade that brought the wandering eye back to the target is clearly shown as a white, high-energy spike. The dashed white ellipse shows a different pattern than the solid white, because no saccades were made during this inattention period and therefore, no effective foveation was produced. Again we see the "darker" areas after each foveating saccade in the solid white ellipse region. Although there are also darker stripes in the dashed white ellipse region, they cannot be counted as foveating periods because there are no preceding foveating saccades.
The dual jerk waveform in Figure 7 shows a different contour pattern than the jerk waveforms. The foveation region shows ripples (due to the high-frequency pendular component), shown in white dash-dot. In pure jerk waveforms (Figures 1 and 2 ), these regions are more homogenous. 
(4) Wavelet analysis of INS-waveform time variation
In Figure 9 , a highly variable nystagmus over a long fixation period (28 seconds) is presented in the top window. We chose the step-by-step mode with a maximum of 512 steps. The coefficient line of 28 plotted at the bottom resembles a differentiated version of the signal. As the nystagmus waveform varies, so does the coefficient. In the contour plot, the fast phases are clearly identified in the small (i.e., high frequency) scales, while the inattentive regions where the eyes drift to a halt can be seen at the larger (i.e., low frequency) scales as relatively static regions of dark shading. Figure 10 is an example where the nystagmus is highly variable due to inattention. The segment shown is a concatenated segment of 3 identical pieces, each piece featuring a bidirectional jerk (solid white ellipse), followed by three cycles of Pfs (dotted white ellipse), a partial blink (black ellipse), and total disappearance of the nystagmus (black dash-dot 
DISCUSSION
In addition to eye-movements, spectral analysis and wavelet analysis have been widely used in the study of other physiological waveforms such as the electroencephalogram (EEG).
Changes in EEG spectra have been examined using the fast Fourier Transform (FFT) in diverse applications such as response to different odors 43 and the relationship between cardiovascular damage and mild cognitive impairment 44 . The applicability of these techniques is based upon a set of assumptions on the statistical properties of the signal being examined. One of them is that the time series being analyzed be stationary; i.e., that its statistical properties not change over time 45 . In ocular motor studies, this makes Fourier analysis well-suited for the study of clearly periodic signals such as smooth pursuit 46 or pendular nystagmus 47 . What is examined in such studies are the properties of the entire sample of the waveform being analyzed, with the underlying assumption being that these analysis has been used 25, 26 .
One way to identify changes over several seconds is to apply signal analysis techniques over briefer intervals. Short-time Fourier transform analysis (STFT), as pointed out by Hosokawa et al., 48 showed periodicity in some nystagmus waveforms. The ability to identify timerelated changes in the signal, however, is limited by the duration of the windows into which it is divided. The frequency resolution of the STFT also drops as the window becomes briefer.
This study was designed to examine if wavelet analysis can be successfully applied to study The comparison of waveforms with varying degrees of foveation quality show that wavelet analysis did pick up foveation differences, at least in some simple waveforms. This was achieved by inspecting the "dark areas" following the foveating saccades. How to quantify these "dark areas" remains a problem though. It may be calculated by integration of the whole area using a signal-processing algorithm. Such a calculation might be possible for jerk waveforms, but would be very difficult for more complicated waveforms like PPfs or mixtures of waveforms.
In the example of the PPfs waveform, without specific knowledge of the significance of each saccade, it is easy to confuse the braking saccade with the foveating saccade if one merely examined the contour plot. This is because both types of saccade terminate a slow eye movement and at least transiently bring the eye to a halt, but only one of them does so when the image of the point of regard is falling upon the fovea. Therefore, identification of the foveation periods would also be confused. Visual or computational algorithms are needed to identify the actual foveation period. This screening may be more difficult as we examine more complicated waveforms and their combinations.
Comparing the pre-and post-tenotomy patient data, it was difficult to distinguish how foveation changed after the procedure. The actual waveforms are much more variable and complicated than the demonstrations of pure J or pure PPfs (Figures 1, 2, and 3) . Therefore, the contour plot had much more variation, making the examination of foveation using this approach difficult. The NAFX specifically analyzes the foveation periods in a position and velocity window (eliminating all other portions of the waveform), and therefore gives a quantitative and objective number identifying the foveation quality 9 .
Wavelet analysis is a complex and computationally intensive method for the task of examining foveation quality, something that can be done much more simply and accurately using the NAFX. Because best visual acuity depends upon the target image being on or near the fovea and moving at minimal velocity 2, 9, 12, 28, 49, 50 , it appears that a more direct operation upon the eye position time series itself gives the needed information more simply than does wavelet analysis. Wavelet analysis might be of some use examining the morphological characteristics of INS waveforms. The low-span (high-frequency) coefficients could be used as fast-phase detectors, although it remains to be seen if this is more efficient than simple differentiation of the initial waveform. An application which takes advantage of the ability of There are a number of problems with doing this when evaluating the effects of an intervention. First, as noted by Roberti et al. 51 is the unavoidable presence of noise in the recording, both intrinsic to the recording system and arising from blinks, facial motion and To summarize, wavelet analyses shows some sensitivity to different features of the waveform and reflects variations across time. Indeed, it is very sensitive to the latter. It may have a role in developing automated waveform classifiers or in other applications where its timedependent characterization of the waveform can be put to best use. In the examination of foveation, the visually most important feature of the INS waveform, wavelet analysis is a tool that performs, with difficulty, some things that can be done faster and better by directly operating on the nystagmus waveform itself. It appears, however, to be insensitive to the subtle but visually important improvements brought about by INS therapies. 
